Illuminated flag leaves of Triticum monococcum(2X), T. urartu(2X), T. dicoccum(4X), T. dicoccoides(4X), and T. aestiyum(6X) were exposed to 14C02 for 10 seconds and subsequently allowed to continue photosynthesis in the ambient air for periods of up to 2 minutes. The Modern cultivars of the hexaploid crop species Triticum aestivum produce larger yields per hectare of grain than the more primitive diploid and tetraploid species, but have slower rather than faster rates of net photosynthesis per unit leaf area (11). Thus far harvest index, rather than photosynthetic rate per unit leaf area, has been the major factor in the selection of wheats for increased yield (9, 17). It is logical however, that once the harvest index has been optimized, further improvements will require increased rates of photosynthesis by the leaves (1). iments were therefore conducted to test whether a C4 mechanism operates in any of several wheat genotypes known to have different photosynthetic rates.
rapid photorespiration in all species and an absence of C4 photosynthesis.
D-Ribulose 1,5-bisphosphate carboxylase (EC 4.1.1.39) was partly purified from seedling leaves of each of the five Triticum species. Each preparation was assayed for simultaneous carboxylase and oxygenase activities in 2.1 millimolar NaHCO3 and 265 micromolar 02 at pH 8.2 and 25°C. The mean ratio of carboxylase to oxygenase activities was 6.11 ± 0.16 (standard error); differences between values for different species were not statistically significant. The results do not explain the faster rates of photosynthesis per unit leaf area reported for diploid and tetraploid species of Triticum compared to the hexaploid.
Modern cultivars of the hexaploid crop species Triticum aestivum produce larger yields per hectare of grain than the more primitive diploid and tetraploid species, but have slower rather than faster rates of net photosynthesis per unit leaf area (11) . Thus far harvest index, rather than photosynthetic rate per unit leaf area, has been the major factor in the selection of wheats for increased yield (9, 17) . It is logical however, that once the harvest index has been optimized, further improvements will require increased rates of photosynthesis by the leaves (1) .
High rates of photosynthesis per unit leaf area have been correlated with several anatomical features including small leaf size, small mesophyll cell size, and close spacing of veins (8, 28) . Recent evidence from comparative studies of the anatomy and morphology of the leaves of diploid, tetraploid, and hexaploid wheats demonstrated the special importance of cell size (15) . But biochemical events comprise the major part of the total resistance to CO2 assimilation by C3 leaves (23) , although there have been few studies concerned with the biochemistry of photosynthesis comparing wheat species differing in ploidy (6) . The iments were therefore conducted to test whether a C4 mechanism operates in any of several wheat genotypes known to have different photosynthetic rates.
RuBP2 carboxylase is competitively inhibited by 02, and 02 is also a competitive substrate leading to phosphoglycolate formation and photorespiration (20) . In C4 plants, these effects of 0, on the RuBP carboxylase/oxygenase are decreased by a system that concentrates CO2 in the cells containing this bifunctional enzyme, making the enzyme less sensitive to 02 inhibition. Carboxylase of diploid and tetraploid wheats might be intrinsically less sensitive to 02 than the enzyme in hexaploid varieties. Therefore, the oxygenase and carboxylase activities of purified enzyme from the several wheat genotypes were measured using concentrations of substrates reflecting those that might be expected in the chloroplast stroma.
MATERIALS AND METHODS
Plant Material. Grains of Triticum monococcum(2X), T. urartu(2X), T. dicoccum(4X), and T. dicoccoides(4X) were kindly provided by R. B. Austin of the Plant Breeding Institute, Cambnrdge. Grains of T. aestivum(6X) cv Maris Dove and cv Manrs Huntsman were purchased from the National Seed Development Organization Ltd., Cambridge, U.K.
For experiments involving photosynthesis by flag leaves in '4C02, seeds were surface sterilized and germinated on wet filter paper in the dark during 3 weeks at 0 to 5°C. At the end of April, 10 vernalized seedlings were planted per 8-inch pot in commercial compost outdoors in glass-covered cages. Exposures to '4C02 were made as each species came to anthesis.
For studies of extracted RuBP carboxylase, seeds were sown in trays of compost, without vernalization, and grown for 3 weeks during summer in a glasshouse at 10 to 250C.
Photosynthesis in '4C02. Selected pots of plants of each genotype were moved to a room at 23°C and illuminated with fluorescent and tungsten lamps giving a photon flux density of 400,umol m-2 s-' of photosynthetically active radiation. After at least 2 h, flag leaves were chosen at random and an area 1 x 1.5 cm of each was supplied for 10 s at 125 ml min-' with air containing '4C02, 320 ,ul 1 -' and 9.4 Ci mol-', by means of a 'clamp-on' leafchamber (24, 26) . The leaf chamber was removed to allow further photosynthesis in ambient air for 5, 10, 20, 40, 60, or 120 s. A disc, 0.497 cm2, was then punched from the radioactive area of the leaf so that it fell directly into a tube containing liquid N2 fastened below the punch. For each sample time, three separate leaves were supplied with "4C02 and the three radioactive discs were collected together and extracted (2) . Soluble products were separated by chromatography and their radioactivity determined (24, 26) .
Partial Purification of RuBP Carboxylase. Plants from the glasshouse were kept overnight under a metal halide arc lamp giving a photon flux density at plant height of 500 ,umol m-2 s-' (400-700 nm). The following morning samples of leaf material (7 g ) were taken in the light and placed immediately in ice-cold water. At 0 to 5°C, the samples were cut with scissors into pieces 2 to 3 mm long and dropped into 25 ml of 20 mm Tris (pH 8.0), 10 mM MgC92, 10 mM NaHCO3, 1 mM DTT, 1 mm EDTA with 0.002% w/v Hibitane (chlorohexidine diacetate) (buffer A). The suspension was homogenized using a Polytron PT20 Homogenizer (Northern Media Supply Ltd., Blanket Row, Hull) at a setting of 3.5 for 20 s and then for a further 10 s at the fastest speed that would allow steady circulation of the sample through the cutting head. The homogenate was filtered through a single layer of 50-,gm mesh nylon gauze and 20 ml of the filtrate were added to 4 g of solid (NH4)2SO4 in a 50-ml plastic centrifuge tube. The mixture was stirred mechanically with a glass spiral driven at 1200 rpm for 1 min to dissolve all the (NH4)2SO4 giving a solution that was 35% saturated with the salt. Leaf material from each genotype in turn was extracted until all the extracts were at this stage; this took a total of 90 min for the six extractions. The order in which genotypes were extracted was randomized and different for each of the three occasions when partial purifications were carried out. Precipitated protein was removed by centrifugation at 49,000g for 15 min. The supernatant liquids were decanted immediately into fresh tubes, each containing 2.4 g (NH4)2SO4. Stirring as before was continued for 2 min so that all the (NH4)2SO4 dissolved to give 55% saturation. Precipitated protein was collected by centrifugation for 15 min at 49,000g and the supernatant liquids discarded. The protein fractions were each gently dissolved in 1 ml of 20 mm Tris (pH 8.0), 1 mm EDTA, 2 mM MgCl2, 30 mm DTT, and 0.002% w/v Hibitane (buffer B), and the six solutions were each layered above linear sucrose density gradients 0.23 to 0.67 M sucrose in 28 ml in 2.5 x 8.5-cm tubes. These tubes were centrifuged for 2.5 h at 305,000g using a Beckman L2-65B ultracentrifuge with a 60 Ti Rotor.The contents of each tube were drawn off through the flow-cell of an LKB Uvicord II. The 15 ml of liquid from each sucrose gradient that contained most of the material absorbing light at 254 nm was collected and added to 4.9 g of (NH4)2SO4 in a 50-ml centrifuge tube with stirring as before but for 2 min. Protein recovered by centrifugation was dissolved in 0.5 ml of 119 mm Bicine (pH 8.2), 23.8 mM MgCl2 with 10 mm NaHCO3 (buffer C). Samples (0.4 ml) of each of the six protein solutions were desalted on columns of G-25 Sephadex (fine), previously equilibrated with buffer C, using the centrifugal technique of Helmerhorst and Stokes (13) . The protein concentration in a sample from each desalted solution was estimated spectrophotometrically at 280 nm (22) and the concentration of protein in the remaining solution adjusted to 25 mg ml-' by addition of buffer C. These solutions were stored either at 25C or at 0°C during the period of subsequent assays.
Measurement of Carboxylase and Oxygenase Activity. Reaction mixtures at 25C were prepared in the cell of an O2 electrode (Hansatech Ltd. Kings Lynn, U.K.) by first adding 840 yd of C02-free 119 mM Bicine (pH 8.2), 23.8 mM MgCl2 (buffer D), after which the plug was fitted to limit the extent of contact with ambient air. Syringes were then used to add in succession 20 ,1 NaH'4C03 (0.1 M, 1.0 Ci mol-'), 10 signal from the electrode 'backed off.' Samples of the acidified reaction mixture were evaporated to dryness and acid-stable radioactivity was measured by liquid scintillation counting. Individual enzymes were assayed as above in the same random order in which they were extracted. The assays were repeated three times in sequence in a total period of 2.5 h. After completion of the assays, protein in the partly purified preparations was determined colorimetrically (4).The partly purified enzymes were also examined by gel electrophoresis under conditions causing denaturation of the native protein ( 19) .
RESULTS
Products of Photosynthesis in 14C02. Figure 1 shows the amount of radioactivity in photosynthetic products in flag leaves of each of the six genotypes as a percentage of the total radioactivity extracted. Initially after exposure to 14C02, most 14C was present in phosphate esters, including PGA. The C4 acids, aspartate and malate, were scarcely radioactive. During the subsequent period ofphotosynthesis in 12C02, "4C moved from the phosphate esters into sucrose, glycine, and serine. The 14C in C4 acids 
DISCUSSION
The results of the present experiments with "'CO, agree with those of Champigny and Moyse (6) in showing evidence of photorespiratory metabolism and no evidence for a C4 mechanism. This conclusion is also consistent with the measured values of photorespiration and CO2 compensation point in diploid, tetraploid, and hexaploid wheats (9) . The slightly lower labeling of photorespiratory intermediates in the diploid and tetraploid genotypes, which need to be confirmed in further experiments, cannot be explained by differences in measured v,::v() ratios for the RuBP carboxylases. One alternative explanation is that the effective concentration of CO2 is higher in the stroma of diploids and tetraploids, compared to hexaploids, relative to the 02 concentration. Respired and photorespired CO2 may be produced in an especially favorable position relative to chloroplasts to allow reassimilation, possibly amounting to an enrichment of CO2 near chloroplasts; such a situation has been postulated by Winter et al. (29) (16) . Carboxylases from some photosynthetic bacteria had much lower v,::vo ratios than carboxylases of higher plants. There was also evidence of some small variations between higher plant genera. The present study suggests that within the species Triticum and among the particular genotypes studied, the variation in sensitivity to 02 is within the range of random error of present assay procedures. The variation in sensitivity to 02 of carboxylases from various species of higher plants was also shown to be small by less direct methods (4) .
In the present study, the 14C was applied to flag leaves but a thorough study of the rate of net photosynthesis was not attempted. The carboxylases were extracted from young shoots and not the upper leaves of mature shoots. Although no specific claims have been made for a changing pattern of RuBP carboxylase isozymes during leaf ontogeny, there is evidence from isoelectric focusing of heterogeneity of the RuBP carboxylase subunit polypeptides in tobacco species ( 12) .
There is evidence that high rates of photosynthesis require more RuBP carboxylase (14, 27) . Leaves 
